Halothane-anesthetized Mongolian gerbils were submitted to 5-min bilateral carotid artery occlu sion. After ischemia, halothane anesthesia was continued for various periods of up to 85 min, and the degree ofCA] neuronal injury was estimated 7 days later by counting the number of surviving pyramidal cells. During ischemia and postischemic halothane anesthesia, rectal and cranial temperature was kept at control level (37.7 and 37.0°C, respectively) using a feedback-controlled heating system. When anesthesia was discontinued after ischemia, tran sient hyperthermia occurred. In animals with 0-and 15min postischemic halothane anesthesia, both cranial and rectal temperature rose by -l.YC, and the number of surviving CAl neurons amounted to <25% of control. After 45-or 85-min postischemic anesthesia, hyperther-
Following transient cerebral ischemia, hippocam pal CAl neurons may develop a delayed type of ischemic injury (Ito et aI., 1975; Kirino, 1982) . This phenomenon, originally described in rodents after 5-min fo rebrain ischemia, was also observed in hu mans after transient cardiac arrest (Petito et aI., 1987) . The mechanisms leading to delayed neuronal injury in the hippocampus are still largely unknown. In recent years, a steadily increasing number of therapeutic procedures have been fo und to prevent this type of injury. Pre-or postischemic application of barbiturates (Hallmayer et aI., 1985; Kirino et aI., 1986) , calcium antagonists (Fujisawa et aI., 1986; Imaizumi and Kogure, 1988) , competitive or non competitive N-methyl-D-aspartate receptor antago nists (Gill et aI., 1988; Marcoux et aI., 1988) , inhibi tion of lipid peroxidation (Hall et aI., 1988) , K-opioid mia was significantly reduced and the number of surviv ing neurons increased to 65 and 89%, respectively. The protective effect of postischemic anesthesia was lost when anesthetized animals were submitted to the same hyperthermic profile as nonanesthetized ones, using a feedback-controlled heating system (16% surviving neu rons in hyperthermia vs. 89% in normothermia, respec tively). These observations demonstrate that postisch ernie anesthesia with 1 % halothane protects against de layed neuronal death by preventing postischemic hyperthermia and not by its anesthetic effects. Key Words: Cerebral ischemia-Delayed neuronal death Halothane-Hippocampus-Hyperthermia-Mongolian gerbils.
antagonists , and adenosine agonists (Von Lubitz et aI., 1988) are all effective in reducing the number of injured CAl neurons. De layed neuronal death can also be prevented by a mild degree of pre-or postischemic hypothermia (Busto et aI., 1987 (Busto et aI., , 1989 and by surgical deafferen tation of the CAl sector (Wieloch et aI., 1985; Jor gensen et aI., 1987; Kaplan et aI., 1989) .
Although specific mechanisms of protection have been proposed for each experimental approach, the wide spectrum of therapeutic interventions raises the question of whether rather unspecific events like a change in temperature may be responsible for the neuroprotective effect. An argument against this concept is the observation that a variety of drugs is able to prevent postischemic injury of CAl neurons although the temperature of the animals is kept constant throughout the experiment. As an ex ample we recently reported that CAl injury after 5-min ischemia in gerbils can be prevented by post ischemic halothane anesthesia despite constant body temperature (Kuroiwa et aI., 1989b) . How ever, we also observed that the body temperature of the unanesthetized gerbil is not stable but tends to increase during the early phase of postischemic re circulation.
Based on these preliminary observations, we in vestigated the role of postischemic hyperthermia on delayed neuronal injury by modifying the profile of postischemic body temperature in lightly halothane anesthetized animals. Our observations suggest that halothane prevents delayed neuronal injury merely by suppressing postischemic hyperthermia and that this effect is readily reversed when the temperature is raised by as little as 1 SC.
MATERIALS AND METHODS
Thirty-seven adult Mongolian gerbils (Meriones un guiculatus) of either sex weighing 50-80 g were used.
Prior to the experiment the animals had free access to food and water. Thirty minutes following the induction of 1 % halothane anesthesia, both common carotid arteries were exposed through a midline cervical incision and oc cluded with Biemer clips (FD 562; Aesculap Werk AG, Tuttlingen, F.R.G.). After 5 min of occlusion, the clips were removed to restore the circulation. The skin incision was sutured, and the animals were allowed to survive for 7 days.
Rectal temperature was recorded at the following time points: before anesthesia, after induction of 1 % halothane anesthesia, during ischemia, and 15, 30, 45, 85, 180, and 360 min after 5-min ischemia. In groups with postisch emic halothane anesthesia, an additional measurement was carried out at 15 min after withdrawal of anesthesia. Cranial temperature was measured by a needle-type thermistor electrode (type 513 hypodermic temperature probe; YSI Inc., Yellow Springs, OH, U.S.A.) inserted under the parietal scalp at the following time intervals: before anesthesia, after induction of 1 % halothane anes thesia, during ischemia, and 45 and 180 min after 5-min ischemia. In groups where postischemic anesthesia was applied for �45 min, an additional measurement was car ried out after 85-min recirculation. All measurements were made at an ambient room temperature of 20-22°C.
The following groups were investigated: The control group (n = 6) was anesthetized for 35-120 min with 1% halothane and submitted to a sham-operation (manipula tion of carotid arteries without occlusion). In group I (n = 6), 1% halothane anesthesia was discontinued immedi ately after the beginning of postischemic recirculation. In groups II (n = 6), III (n = 6), and IV (n = 6), 1% halo thane anesthesia was maintained for 15, 45, and 85 min of recirculation, respectively. In these groups rectal temper ature during halothane anesthesia was kept as close as possible to 37.7°C using a feedback-controlled heating pad (LM-60; List Medical Electronic, Darmstadt, F.R.G.). In group V (n = 7), 1% halothane anesthesia was maintained for 85 min of recirculation, as in group IV. However, the rectal temperature in this group was not kept constant but was raised to the same temperature as in group I in which transient hyperthermia occurred spontaneously between 30 and 90 min of recirculation.
Seven days after ischemia, the animals were deeply anesthetized with pentobarbital (100 mg/kg) and decapi tated. The brain was removed and immersion-fixed with 4% buffered formaldehyde for 7 days. After fixation, co ronal blocks of the brain were embedded in paraffin, and 5-lJ-m-thick sections through the dorsal hippocampus (1.4-1.9 mm posterior to bregma) were stained with Luxol Fast Blue and cresyl violet. The number of intact neurons in the entire length of the CAl layer was deter mined on both hippocampal sides of 5 sections for each animal and expressed per millimeter of stratum pyrami dale.
Statistical evaluation was performed using Bartlett's test for analysis of variance and the unpaired Student's t test with Bonferroni corrections for mUltiple comparisons (Wallenstein et aI., 1980) . For the analysis of morpholog ical data, the following contrasts were tested: control group versus experimental groups I-V, group I (ischemia without postischemic halothane anesthesia) versus groups II-V (ischemia with postischemic halothane anes thesia), and group IV (postischemic halothane anesthesia with normothermia) versus group V (postischemic halo thane anesthesia with hyperthermia). Rectal and cranial temperatures of ischemia groups were compared with the corresponding values of the control group. Data are cited as means ± SD.
RESULTS

Control group
Rectal temperature of controls was close to 37.7°C during and after 1 % halothane anesthesia. Cranial temperature during and after halothane an esthesia was �37.0°C and also remained stable dur ing the experiment (Table 1 ). The average density of CAl neurons in the stratum pyramidale of the hippocampal CAl sector was 195.0 ± 13.4/mm (Ta ble 1). 
Ischemic groups
Before ischemia, rectal and cranial temperatures were similar to control values (Table 1) . During ischemia, rectal temperature remained constant but the cranial temperature declined by -0.3°C. After recirculation, both rectal and cranial temperatures differed among groups depending on the duration of postischemic halothane anesthesia.
In group I in which halothane anesthesia was dis continued immediately after recirculation, rectal temperature transiently increased between 30 and 85 min of recirculation. After 30 and 45 min of re circulation, it rose to 38.5 ± 0.5 and 39.3 ± 0.3°C, respectively, which was significantly higher than the corresponding control values (Fig. 1) . Cranial temperature after 45 min of recirculation was 38.2 ± OSC, which was also significantly higher than the control value of 36.9 ± OSC (Fig. 2) . The postisch emic hyperthermia gradually declined with increas ing recirculation time and returned to the control temperature after 85 min of recirculation. The num ber of surviving neurons amounted to 46.3 ± 49.11 mm (24% of the control), which was significantly lower than in nonischemic controls (Table 1) .
In group II in which halothane anesthesia was discontinued after 15 min of recirculation, a tran sient hyperthermia similar to that of group I was observed both by rectal and by cranial temperature measurements. In this group, the average number of surviving CAl neurons was 51.5 ± 32.3/mm (26% of the control), which also constitutes a significant lowering (Table 1) .
In group III rectal temperature during the 45 min of halothane anesthesia was kept constant close to 37. 7°C. At 85 min of recirculation (40 min after withdrawal of anesthesia), rectal temperature tran siently increased to 38.6 ± 0.8°C. The average num ber of surviving neurons in this group was 125.8 ± 73.0 (65% of the control).
In group IV in which postischemic halothane an esthesia was maintained for the 85 min of recircu lation, no transient hyperthermia was observed dur ing the recirculation by either rectal or cranial tem perature recordings ( Figs. 1 and 2) . The average number of surviving CAl neurons in this group was 173 ± 37.4 mm (89% of the control), which was not During anesthesia rectal temperature was maintained at the preischemic level by a feedback-controlled heating system. Note the spontaneous increase of temperature after discontinuation of anesthesia, particularly in those groups in which halothane was discontinued immediately after ischemia (group I, upper left) or after 15-min recirculation (group II, upper right). In these groups CA1 injury was most pronounced (see Table 1 ). Values are means ± SO. 'Significantly different from control (p < 0.05). significantly different from the control but signifi cantly higher than group I values (untreated isch emia group). This indicates that prolonged halo thane anesthesia under normothermic conditions protects CAl neurons from ischemic injury (Ta ble 1). In group V the animals were anesthetized with 1 % halothane for 85 min of recirculation as in group IV but warmed up to attain the same temporal pro file of rectal hyperthermia as in group I (Fig. 3) . Cranial temperature also showed a significant in crease at 45 and 85 min of recirculation (Fig. 3) . The average number of surviving CA l neurons in this group was only 31.5 ± 64.4/mm (16% of the con trol), which is similar to group I values and signifi cantly lower than the value for either control ani mals or those kept normothermic during anesthesia (Table 1, Fig. 4 ).
DISCUSSION
In a preliminary experiment we observed that the normal rectal temperature of healthy awake gerbils varies with locomotor activity and amounts to 37.6°C in the resting and 38.9°C in the moving state. Accordingly, we adjusted the rectal temperature during halothane anesthesia to the temperature of the resting state by using a feedback-controlled heating pad. Head temperature was also measured to exclude a possible dissociation between the rec tal and cranial temperature. Cranial temperature measured subcutaneously under the parietal scalp was -1°C lower than the rectal temperature in the awake state. This difference remained throughout both postischemic halothane anesthesia and the subsequent hyperthermia, demonstrating that no dissociation occurred between the two measure ments.
The present study demonstrates that (a) in the absence of halothane anesthesia, a transient hyper thermia occurs during the early recirculation phase following 5 min of forebrain ischemia; and (b) sup pression of postischemic hyperthermia prevents de layed neuronal injury in the CAl sector of the hip pocampus.
It is known that "central" or "neurogenic" fever commonly occurs in cerebrovascular pathology in- In both groups CA1 neurons were equally damaged (see Table 1 ). Values are means ± SO. 'Significantly different from control (p < 0.05).
volving the hypothalamus (Massonnet et al., 1980) . McCook et al. (1962) observed that body temperature can be changed simply by altering the amount of blood flowing through the hypothalamus. Large amounts of thermoactive substances such as indol and adrenaline are contained in the hypothal amus (Amin et al., 1954; Vogt, 1954) . It is possible that postischemic hyperthermia results from the re lease of these substances because the hypothalamus is part of the forebrain that suffers from ischemia during bilateral common carotid artery occlusion. It has been previously documented that mild al terations of temperature may greatly influence the resistance of the brain to brief periods of ischemia. Busto et al. (1987 Busto et al. ( , 1989 observed that lowering brain temperature from 36 to 34°C during ischemia or from 36 to 30°C during the initial 3 h of recircu lation significantly decreases CAl injury in rats sub jected to to-min forebrain ischemia. Buchan and Pulsinelli (1989) concluded that the protective effect of the N-methyl-D-aspartate antagonist MK-801 in gerbil forebrain ischemia was mediated by hypo thermia because similar protection was effected by hypothermia alone in saline-treated animals. An ag-J Cereb Blood Flow Metab. Vol. 10. No.4, 1990 gravation of injury by mild hyperthermia was re ported by Minamizawa et al. (1989) . They observed that ischemic injury was significantly enhanced when rats were placed during and after 10--15 min of ischemia in a closed heating box to produce mild hyperthermia (39°C). CAl neurons of the hippocam pus, in consequence, are very susceptible to changes of temperature during or after the ischemic insult. Our data are in line with this conclusion and demonstrate that postischemic hyperthermia just exceeding 39.0°C during the first hour of recircula tion is able to induce a pathological process that eventually leads to delayed neuronal cell death.
In the past most laboratories studying neuropro tection of selective vulnerability in the gerbil have tried to exclude temperature effects by preventing a drop of temperature below control values (Hall mayer et aI., 1985; Fujisawa et al., 1986; Kirino et al., 1986; Gill et al., 1988; Imaizumi and Kogure, 1988; Mar coux et al., 1988; Buchan and Pulsinelli, 1989) . The present findings demonstrate that this does not ex clude a temperature dependence because neuropro tection may have been mediated by preventing postischemic hyperthermia. Similarly, deafferenta tion of the excitatory input to the hippocampus, which is known to prevent CAl injury (Wieloch et al. 1985) , may alleviate postischemic hyperthermia because this intervention can be expected to reduce postischemic locomotor activity.
The dependency of the degree of postischemic hyperthermia on the duration of anesthesia may ex plain the great variability of injury that is frequently observed in the gerbil even though animals are submitted to the same length of ischemic insult. This finding emphasizes the need for standardizing the length of anesthesia when different groups are compared.
An interesting aspect of the present study is the time point at which hyperthermia seems to damage the hippocampus. Kirino et al. (1986) showed in the gerbil model that CAl damage can be prevented by pentobarbital when the drug is applied immediately after recirculation but not 1 h later. We observed in gerbils with timed infusions of the ultra-short-acting barbiturate methohexital that significant protection occurred only when it was applied during the initial 40 min after recirculation (Kuroiwa et aI., 1989a) . These results indicate that the turning point for the reversibility of CAl injury occurs during the first hour of recirculation. Our present findings support this conclusion and provide an even more precise estimate of this critical period, i.e., the interval be tween 15 and 45 min of recirculation. Obviously, a critical time interval applies not only to the present model of 5-min ischemia in gerbils. In a study of Busto et al. (1989) using rats with 10 min of isch emia, postischemic cooling was effective when in stituted at 5 min of recirculation but not after 30 min. For an understanding of the mechanisms of postischemic injury, it will be of interest to establish which metabolic process prevails during this brief period and how it relates to functional recovery.
